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FOREWORD 

This r epor t  was  p repa red  by Cornel1 Aeronautical  Laboratory,  Inc. a s  

p a r t  of a coctinuing r e s e a r c h  p rogram conducted under Contract  NAS 8-823, 

" R e s e a r c h  Relative to the Application of Shock-Tube Techniques to the Study 

of Rocket Mctor Vehicles.  " 

of the Aerobal l is t ics  Division of the George C. Marsha l l  Space Flight Center  

with Mr. H. Is. Wilson, J r .  as  the technical supervisor .  

The p rogram is adminis te red  under the direct ion 

The over -a l l  CAI, program began in December 1960 with base  heating 

investigations of a four  -engine S-IW stage configuration followed by s imi l a r  

s tudies  on the six-engine S-IV stage.  

continuation of the S - I V  base  heating p rogram through s tage separat ion.  

Since the Douglas Aircraf t  Company i s  the p r i m e  contractor  for the S-IV s tage,  

n e c e s s a r y  configuration information acd t e s t  p r s g r a m  requ i r emen t s  w e r e  

supplied to CAL by Douglas. M s s r s .  J. A. Tobias and L. Mouser  of the 

Douglas Aircraf t  Compaxv served  as tr:chn:cal representa t ives  during the p rogram.  

The p rogram d e s c r ~ b e d  herein is a 

The author wishes  t 3 acknowledge the cont r ibu t ims  of the colleagues in  

the CAL Applied Hypersonic Resea rch  Departmcnt ,namely:  'T. J. B e l l  and 

M. Urso for their  invaluable help in the conduct of the experimental  p rog ram 

and in  the solving of instrumentation dlfflculties and L. Swiatkowski and C. Bri t t  

for their  a s s i s t ance  ir, the rcducticn 2nd tabulation of the la rge  amount of data  

obtained during the program.  

e 
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ABSTRACT 

An application of the sho r t  duration technique for  simulatinb liquid 
, 

propellant rockets  is descr ibed.  The project descr ibed i s  the h i g h  4 altitude 

investigation of the heat t r ans fe r  and p r e s s u r e  environment  encountered in 

the in te rs tage  region during a "fire-in-the-hole" separat ion of the S - I V  

second s tage and the S-I f i r s t  s tage of the Sa turn  I launch vehicle. 

I 

The S- IV stage propulsion sys tem util izes a c lus te r  of six R L  10-A3 

liquid hydrogen/liquid oxygen rocket  engines. Among the p a r a m e t e r s  invest i -  

gated in  this  1/10 scale  model  simulation p rogram were :  in te rs tage  vent s ize  

and shape,  location and number of vents, s tage separat ion distance,  separat ion 

plane, engine gimballing and engine out, one vent panel not out, b las t  deflector 

configuration, heat shield shroud configuration, ambient altitude, and rocket  

engine chamber  p r e s s u r e  and O / F  ratio.  

This  repor t  has  been p repa red  in two volumes the f i r s t  of which contains 

an introduction to the problem,  the genera l  method of experimentation, and a 

s u m m a r y  of the resu l t s .  Volume I1 contains detailed tabulations of the numer i ca l  

data only. No detailed analysis of the data is included in either volume, nor i s  

any attempt made to extrapolate data  to a full scale  flight vehicle. 
9+ 

f-L d4 
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INTRODUCTION 

. 
Rocket vehicle configurations cha rac t e r i s t i c  of the var ious  space  

boos te r s  in  use  today employ engines in which the nozzle flows a r e  no rma l ly  

under-expanded at  high alt i tudes;  hence a l a r g e  amount of plume expansion 

occur s  outside of the rocke t  exhaust nozzles  c rea t ing  heating problems due to 

exhaust je t  in te rac t ion  and resul tant  r e v e r s e  flow into the b a s e  region.  If the 

engines of an  upper  s tage  of a mult is tage vehicle a r e  ignited before the vehicle 

s t ages  s e p a r a t e ,  the flow pa t te rns  a r i s ing  f r o m  this  f i re - in- the-hole  technique 

compound the heating p rob lems  as a r e su l t  of additional rec i rcu la t ion  induced in  

the in t e r s t age  a r e a  and even m o r e  seve re  

On a typical  mult is tage vehicle ,  the following a r e a s  may be  affected by these 

adve r se  conditions;  f i r s t  s tage bulkhead, second s tage hea t  shield and th rus t  

s t r u c t u r e ,  f i r s t / s econd  in t e r s t age  walls,  and any control  packages,  i n s t rumen-  

tation, o r  misce l laneous  auxi l ia r ies  located in  this  a r e a .  

heating conditions m a y  be  encountered.  

The purpose of the model  t e s t  p rog ram descr ibed  h e r e i n  was to acqui re  

a detailed knowledge of the g a s  dynamic p r o c e s s e s  involved in the f i r e - in - the -  

hole staging sequence f o r  the S-I/S-IV booster  and to study the effects of var ious  

p a r a m e t e r i c  changes.  

Shor t  duration flow techniques s i m i l a r  to those used in  shock tunnel 

tes t ing have been developed a t  CAL for application to the exper imenta l  study of 

b a s e  heating. 

be  duplicated only for that  length of t ime sufficient to es tab l i sh  s teady flow pa t te rns  

and make  the des i r ed  m e a s u r e m e n t s .  

s i t ions and thermodynamic p rope r t i e s  las t icg a few mi l l i seconds  a r e  generated.  

It has  been  shown in Refe rence  2 that this technique provides  a sufficient period 

for fiow es tab l i shment .  

with f a s t - r e s p o n s e  instrumentat ion that h a s  been developed for  shock tunnel tes t ing.  

2 These techniques a r e  based on the concept that  rocke t  flows need 

Rocket engine flows of the p rope r  compo- 

Heat t r a n s f e r  and p r e s s u r e  m e a s u r e m e n t s  3 D  a r e  made  

As repor ted  in  Refe rence  2, base heating invest igat lons using the sho r t -  

dura t ion  techniques were  made  on the e a r l i e r  4-engine Sa turn  s - I V  configuration. 

Withthe modification of the S - IV  f r o m  4 to 6 engines,  a p r o g r a m  w a s  init iated by 

NASA at GAL to provide design da ta  f o r  th i s  6-engine c lus t e r  configuration. This 

work  h a s  been r epor t ed  in  Reference  5 and the preser, t  s tage-separa t ion  p rogram 

is a continuation of that  effort .  

I 

1 
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SECTION I1 TEST EQUIPMENT 

A. Comb us to r 

A short-durat ion cons tan t -pressure  combustor  using gaseous oxygen 

and hydrogen was employed to generate  the required products of combustion. 

A schemat ic  drawing o f  this combustor  and i t s  propellant supply sys t em wave 

d i ag ram a r e  shown in F igu re  1. 
descr ipt ion of the combustor  and its operating cha rac t e r i s t i c s .  

Reference 6 gives a m o r e  complete  and detailed 

Briefly,  the combustor  operates  a s  follows. Separate  propellant supply 

tubee, sealed a t  the downstream ends with myla r  d iaphragms,  a r e  charged with 

gaseous  hydrogen and oxygen. 

out of the tubes,  through an  injector and into the combustion chamber ,  

combustion chamber  is common to a l l  six engines of the model.  

contain d iaphragms in the nozzle throats  prohibiting the burned  gases  f r o m  flowing 

out of the nozzles until the des i r ed  combustion p r e s s u r e  has been attained. 

combustion chamber  is init ially evacuated so that compress ion  heating in the 

s tar t ing p rocess  will normal ly  cause the mixture  to autoignite. 

used as a backup ignition source  s o  that if  for any reason  the mixture  should fail 

to autoignite a t  the p rope r  p r e s s u r e ,  it w i l l  be  caused  to ignite by the s p a r k  before  

high p r e s s u r e s  can bui ld  up which mzy lead %o destruct ive ove r -p res su re  condi%ions. 

When the diaphragms a r e  cut, flow commences  

The 

The engines 

The 

A spa rk  plug is 

The period of steady combustion is determilied bq the t ime required fo r  

’ the expansion waves c rea ted  by the diaphragm opening to t rave l  the lengths of the 

charge  tubes and r e tu rn  to the combustion c-hamber 3 s  shcJwn in F igure  1. 

Normal ly ,  the t e s t  t ime IS not l imited b y  the t ime of steady combustion but 

r a the r  by  the reflection of a b l a s t  wave which or iginates  f r o m  the bursting of 

the nozzle  d iaphragms and re f lec ts  f rom the vaculim chamber  walls. 

the effects of this re f lec ted  b l a s t  wave on the p r e s s u r e  and heat t ransfer  on 

uriconfined bases may b e  small, they a r e  in genera l  not negligible. 

in a confined environment  such as the S-I /S-IV in te rs tage  region where heat 

fluxes and p r e s s u r e s  are a t  least: a n  o rde r  of magnitude higher than in the 

unconfined case,  this e f fec t  is negligible. Hence, an o rde r  to provide adequate 

Although 

However, * 

2 
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SECTION I1 (Cont'd) TEST EQUIPMENT 

t ime  fo r  the in te rs tage  to f i l l  and r each  equi l ibr ium, the n o r m a l  lengths  of 

the propel lant  supply tubes w e r e  increased  to provide approximately 

10  mil l iseconds of s teady combustion, o r  approximately twice the norma1.ly 

requi red  t e s t  t ime. 

maintain the p rope r  combusticn p r e s s u r e  and Dxygen/fuei r a t io  a r e  controlled by 

p rope r ly  s i zed  sharp-edge  or i f ice  plates located just  ups t r eam of the d i ag ram 

statiorrs. 

be n3tad that the combustion p r e s s u r e  r i s e s  smoothly to a s teady l eve l  in about 

3 - 4  mill iseconds.  -4t this  t ime  the n3zz le  d iaphragms open and nea r ly  constant 

p r e s s u r e  is maintained fo r  9-1  0 mil l iseconds.  

The propel lant  flow r a t e s  f r o m  the tubes n e c e s s a r y  to 

A typical combustion p r e s s u r e  r e c o r d  is shown in F i g u r e  2C. It may 

Model and Test  Chamber Ins t a lh t ion  

The model  used ior these  tests i s  a 1 / 1 0  sca l e  model  of the six-engine 

1----- 
B. 

Saturn  S-IV base region and adp in ing  in te rs tage .  

u sed  for previous C R L  base heating studies' was used for the separa t ion  study 

with only minor  modifications.  

c h m b e r ,  s ix  nozzles, a heat shield,  ar, in te rs tage  extension with b l a s t  

d e f l e c b r s ,  and heat  t r a z s f e r  and pressure inst rumentat ion.  

configuration a r e  shown i n  F i g c r e s  3 thruugh '7 which a r e  reprcduced from 

References 7 and 8. 

The model  of the b a s e  region 

Essent ia l ly ,  the model  cons is t s  of a combustion 

Details of the model  

The  n o ~ z l e i s  a r e  set, ;it <i -iirntnai 6 d 'zgree  outward cant angle.  Ai l  nozzies 

have the capabili ty r.>L being ginibCillcd a s  s h o w n  in  Figi i re  8. 

I The heat  shie!d configuration VJ.IS modified somewhat  f r o m  the or iginal  

I S-IV 6 engine base heating model, be ing  htxagorral r a t h e r  than ro.md as  in the 

prev ioxs  S-IV t e s t s .  
- 

The in t e r s t age  sec, . t , ior.  is (:omposed of four si?bst:ctions: the bas ic  inter  - 
stage u s e d  throughout t,be t e s t ;  t l l r -  v-tri.iF,l:- 1Pngt.h s t r ~ g e  p r o v i d i n g  four vari,ihl(l 
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TEST EQUIPMENT 

lengths  for  the model :  the vent a r e a  extension which p e r m i t s  changing vent  

a r e a o  shape and lecat lon;  and  the b las t  def lectors  which provide different  flow 

pa ths  for the exhaust g a s e s  out through the In te rs tage  vents.  

A second mln:;r var ia t ion f r a m  the or iginal  S -1V configuration involved 

the placement of a ccnica! sect ion ccncent r ic  w i t h  the pcr t  housing (plenum 

chamber )  to s imulate  the Sa tu rn  S - I V  th rus t  s t r u c t u r e  sur face  as shown in 

F igu re  4. 

The model  1s assembled  d i rec t ly  to  the aft end of the combustor  and then 

A bulkhead provides  inserted through a por t  in the end cf the alt i tude chamber .  

for at tachment  of the combustor  to the chamber  and f o r m s  a vacaum sea l .  

Since at  the high aktLt1Jdes of i n t e re s t  the effect of the ex te rna l  flow is 

negligible,  al t i tude simcllatiop is achieved by duplicating the ambient p r e s s u r e  

an ly .  The altitude-simti1at.cm chamber i s  approximately l 3  feet  i ~ .  d iame te r  b y  

. 15 feet  long. An altitude sim,lation capabJll t \ ;  u p  to 260, 000 feet  (10 m i c r o n s  Hg) 

is provided b y  a mechatiical  vacuum pump. 

essent ia j ly  ccsnstapt ur-ti] t h e  d:sturbaDce caused b y  the rcjcket f ir ing is reflected 

back  f r o m  the tank wal ls  t9 the model region. 

The ambient p r e s s u r e  altitude r ema ins  

Model in te rs tage  p2s i t icn ing  i s  provided h y  a sxpport  st ing fastened to the 

b l a s t  deflector. T h i s  shat t ,  jtrpported bv t:e r c d j  ta the t e s t  chamber ,  is 

moveable and can be accura te ly  I.cc,ated througti the a i d  c f  a r a c k  ar_d plnior- dr ive  

between the shaft arid juppcsz-t sys t em,  A ,ketch ~ k ; ~ . w ; n g  the relat ive posit ions of 

the S-LV stage and the mte r s t age  d u r r r g  the yeparatLan. seqilente is shown ;?I 

F i g u r e  9. F i g u r e  10 de5r r ibe5  the  varir;ur, ? r tF : rz t , ige  c cnf igcra t ion i  while d 

schemat i e  of the modelp  tes t  c h a m b e r ,  ar,d suppcrt  sys tem is shown ~n F i g u r e  11. 

c:> . Ins t rument  at ion 

The th rus t  structure, heat  shield,  b las t  def lec tors ,  and in t e r s t age  z 

extensions w e r e  instrumexited Tutth heat trar-sfer and p r e s s u r e  instrumentat ion 

fdr detect ion and quantitative measuremefi t  of the complex flow phenomena 

4 
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assoc ia ted  with f i re- in- the-hole  operat ion,  This  instrumentat ion,  developed 

a t  CAL to m e e t  the par t icu lar  requi rements  of shor t -dura t ion  tes t ing,  i s  

descr ibed  in  detai l  in  References  3 ,  4 and 9. 

The CAL-developed p r e s s u r e  t r ansduce r s  used in this  t e s t  employ 

p iezoe lec t r ic  c r y s t a l s  and a r e  . 3 0 "  x . 50" d i ame te r  i n  s i ze .  

range  of operat ion ( l inear  f r o m  . 1 p s i  to 20 ps i  o r  h igher )  and a r e  re la t ively 

insens i t ive  to  acce lera t ion  affects (. 003 pe i /g j  due to a dual e lement  acce lera t ion  

Compensation f ea tu re .  In addition, to fur ther  minimize  acce lera t ion  effects ,  the 

t r a n s d u c e r s  were  mounted on heavy se i smic  m a s s e s  attached to the model only 
by  a soft  rubber  or i f ice  tube and light wi re  spr ing.  

t r ansduce r  components (par t icu lar ly  on the in t e r  5 t age)  min imizes  t empera tu re  

effects  during the sho r t  durat ion of the tes t .  

fed to a high impedance cathode kollower whose output is  amplified,  displayed on 

an osci l loscope,  and photographed. 

They have a wide 

Thermal  shielding of the 

The output of each  t r ansduce r  is 

Nozzle supply p r e s s u r e  (combustion p r e s s u r e )  was m e a s u r e d  by m e a n s  of 

a Ki s t l e r  piezoelectr ic  t rdnsducer  and s imi l a r ly  dj splayed and photographed. 

Heat t r ans fe r  r a t e s  were  determined hy a technique that r e l i e s  on sensing 
3 the t r ans i en t  sur face  t e m p e r a t u r e  of the model.  

( / w O .  1 micrcm) platinum = t r i p  fused c,n 1 pvrex  slibs!rate whish cor,forms to the 

loca l  s i i r idce o t  the model .  Since the heat c apac-ty of tbe gage is negligible,  the 

film t e m p e r a t u r e  LS eyii A?. t r  the in;;taiitarLeouS sur face  t empera tu re  of the py rex  

subs t r a t e ,  re la ted to t b e  hea t  t r a r s f e r  ra te  to t k i c  mrjde! by the theory d i s c u s s e d  

in  R e f e r e z c e s  3 and 9. 
Reference 9. The outI;ut a f  the hedt trar,s!er g a g e  IS l ed  thrc;ugh ar anaiag netwzrk 

which conver t s  the sig:nall trom o n e  represeEtjng t empera tu re  tz  a signal d i rec t ly  

propor t iona l  tv the in-:tar,tar.leous heat t r aps fe r  r a t e .  

The sensing element  is a thin 

Th-picdii r:perating env:r,,?mect; a r e  alsci given i n  

?'hi= cc~nver~ilirz i s  nc rma l ly  

t applicable only over  tbe range  of t empera tu res  where the phvsical p rope r t i e s  of the 

s u b s t r a t e  r e m a i n  c m z t a n t .  

means  of procedures  dfscil.;set.l I n  Secticn I V  o f  t h i s  r epor t .  

analog network (4 m e t e r )  is theri amplified nnd presented  ;n an ~ s c i l l o s c o p e  and 

r ec or  d ed photographic: ally . 

Outside of this range ,  the data  mQst be co r rec t ed  by 

The signal f rom the 
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Model ske tches  and photographs shown i n  F i g u r e s  1 2  through 17 show 

location of p r e s s u r e  and heat  t r a n s f e r  instrumentat ion on the heat shield and 

th rus t  s t r u c t u r e ,  i n t e r  s tage wal l s ,  and b l a s t  def lector .  

4 
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TEST FROCEDURE 

A. C alib r ation 

The p r e s s u r e  t r ansduce r s  were  ca l ibra ted  (1. e. voltage output v s .  

applied p r e s s u r e )  af ter  in5 tallation in  the model .  

t r ansduce r s  is lir?ear over  the range of p r e s s u r e s  normal ly  encountered in  

tes t ing.  These  ca l ibra t ions ,  i n  conjunction with es t imated  values  fo r  the model 

p r e s s u r e s  to be experienced dttring the actual  t e s t ,  a lso provide the b a s i s  for 

adjastir,g the gain of the data  recording s y s t e m  to achieve maximum "readabili ty" 

af the osc l i loscape  t r a c e s .  At t h e  completion of the t e s t  p r o g r a m  the t r ansduce r s  

w e r e  reca l ibra ted  for Cc7mpdr;Son purposes .  

The voltage var ia t ion  of the 

B. Te  s t P r o g r  am 

The complete  t e s t  p r o g r a m  and t e s t  conditions a r e  summar ized  in  

Tables  I and 11. Among the effects  studied were  ver,t a r e a ,  shape,  location, and 

c u m b e r ;  longitudinal 5ep~iaaticit-i d is tance between s tages ,  engine gimballing and 

one engine out; one kent pdnel r o t  out ;  blast  def lector  configuration, separa t ion  

plane location and over-al l  in te rs tage  length; heat shield shroud configuration; 

combustor  p r e s s u r e  and O J F  rat io:  and ambient  altitude. 

shape,  and location effects ,  a l l  runs  were  made  with a s tandard  eight t r iangular  

vent configuration. 

Except  for the vent a r e a ,  

Sepa ra t e  components w e r e  made to si-mulate the var ious  vent configurations.  

Ins t rumenta t ion  was shifted from p a s t  t o  p a r t  as dictated b y  the t e s t  requi rements .  

A s  mentioned psev:, ,usly,  a s t ing  support W ~ ~ S  u s e d  t o  support  the in te rs tage  during 

the separa t ion  runs .  

7 
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DATA REDUCTION 

The p r e s s u r e  t r ansduce r s  m e a s u r e  the difference between the init ial  

ambient  p r e s s u r e  in  the chamber  and the applied local  p r e s s u r e .  

p r e s s u r e  i s  added to the measu red  p r e s s u r e  to obtain the absolute model  

p r e s s u r e .  To provide a common basis  fo r  compar ison ,  all  p r e s s u r e s  a r e  

normal ized  by ratioing them to the combustor  p r e s s u r e .  

The initial 

23. Heat Transfer  

The "thin-film''  heat t r ans fe r  gage is a res i s tance  the rmomete r  which 

The theory of heat con- r e a c t s  to the local sur face  tempera ture  of the model.  

duction in a homogeneous body is used to re la te  the sur face  tempera ture  h is tory  
3 to the r a t e  of heat t r a n s f e r  . 

is the su r face  t empera tu re  and that a f i r s t  o r d e r  cor rec t ion  for  e lement  thickness  
will be adequate, the solution fo r  the surface t e m p e r a t u r e  a s  a function of t ime is: 

Assuming that the t e m p e r a t u r e  sensed by the e lement  

where  k is  the thermal  conductivity, c the specific heat, p the density, and L 
the thickness of the film; 

r e f e r  to the metal  film and the pyrex  substrate ,  respectively.  

A i s  a variable of integration; and subscr ipts  1 and 2 

When the above equation i s  properly inverted to express  the heat t r ans fe r  

r a t e  a s  a function of t empera tu re  and t ime, i t  can be programmed into a digital 

computer  for  solution. 

the r a w  t empera tu re - t ime  data  into a form suitable for inser t ion into the computer  

However , considerable effort  i s  involved in converting 

p r o g r a m .  

to convert  the t empera tu re  signal directly into a heat flux r a t e  in r e a l  t ime for 

presentat ion on the oscil loscope. 

To overcome this res t r ic t ion,  an analog network has  been devised 

a 

In view of the l a rge  quantity of data that would be gathered during this 

p r o g r a m ,  i t  w a s  decided in  the pre tes t  planning that all  heat t ransfer  data would 

8 
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;;e 
be obtained d i rec t ly  by employing the analog networks.  

co r rec t ions  mus t  be appIied tc the data  urPder ce r t a in  conditions (as d iscussed  

below) to obtain t rue  heat t r a n s f e r  r a t e s ,  t he re  is an economic and t ime 

advantage in using these  networks ave r  the m o r e  ccr,ventional digital  da ta  

reduct ion procedure.  

Even though 

Two co r rec t ions  o f  major  importance m u s t  be applied to the recorded  

The f i r s t  of these takes  analog da ta  to obtain 3. t r u e  fir-al heat t r m s f e r  r a t e .  

into acccun? run-to - r u n  changes IKI gage ser rs i t~vi ty  resul t ing f rom e ros ion  of the 

platinum element .  It should be noted here  that, for  normal  ir,stallatjon of the 

thin f i lm gages in  s u r f a c e s  para l le l  to the f low,  significant e ros ion  i s  r a r e l y  

encountered.  However, :ri th is  particil lar  appllc ation, the gages instal led in  the 

b l a s t  def lector  o r  along the inter i t age  wa l l s  w e r e  subjected to sustained d i r ec t  

impingement  of rocket cI- mbust ion gases  f o r  comparat ively long per iods of t ime 

and could expe rier c e appr ec. i ab ie 5u r fac  e c TO $ion. 

all of this  e ros ion  occur red  a f te r  the conclus>.an  o f  the useful cornbustion t ime  

during the "blow-dowv" of the charge  tubcs arb(! d i d  roai effect the data  obtained 

during the t e s t  period. 

Forfuriat  ely , e s s enti  ally 

Continuous replacemer1.t of the eroded gages with new ones a f te r  each  run,  

a1 thoug h po s sib 1 e ,  XN a s c P n Y j. d e r e d e c Gn .3 m t :.: a: I y i m. p r a,:. t l .: a1 . 
previous  investi.gations a i  CAL t iad   show^ that sui table  L-OT recti0n.s may  be included 

i.n the da ta  reduc-tion procedi i res  tc? ac::c,unt icr these  r e s i s t ance  changes.  Specifi-  

ca l ly ,  i t  has  been shriu:.). that  the i empera tu re  c;otl:!l;.cierzt, 

F u r t h e r m c r e ,  

for  any given gage r e m a u s  ~.~.~rast~-lrut even tf, rocxgh t h e  gagF base  r e s i s t ance  may 

vdry  considerably ( a s  a resu l t  t : [  e,r:>sion9 for ins tance) .  

.e. 

'Subsequent  to the cc:mpleticsr: o f  the test p r o g r a m  i t  i x r a s  decided ;hat 
some ac tua l  t e m p e r a t a r e  - t ime  h is tc r ies  would be  des i r ab le  to allow a m o r e  
comprehens ive  ana lys i s  o f  the data.  
during the t e s t  p r o g r a m ,  p rocedures  were  establ ished to convert  the analog ;1 
h i s t o r i e s  back to equivalent tempera ture  hi-stories.  'The detai ls  and r e s u l t s  of 
these  p rocedures  a r e  s ~ i m m a r + z e d  in  Appendix A .  

Since no data  of th;s s o r t  had been obtained 

9 
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AFJ Writing the above relat ionships  in  an a l te rna te  fo rm,  we have 

gage sensi t ivi ty .  It follows that since is constant,  then K,  = K,  . 
This  s a y s  that a given percentage change in  gage r e s i s t ance  is ref lected as a like 

percentage  change in  the gage sensit ivity.  Thus,  i f  the ini t ia l  gage r e s i s t ance  i s  

and the new res i s tance  subsequently inc reases  to 

LLE = - = F' 
h r  

with a gage constant  A, 

R, , then the new gage constant Kz may be readi ly  found f rom the above 

express ion .  

where  ", 5. 
This  co r rec t ion  has  been found valid even in  such ex t r eme  c a s e s  

A s  a consequence of  the above observat ions,  i t  was possible to continuously 

This w a s  accomplished c o r r e c t  the gage sens i t iv i t ies  to account f o r  gage e ros ion .  

by continuously monitoring and recording gage r e s i s t ances  on a run-to-run bas i s .  

A second co r rec t ion  necessa ry  to the recorded  analog heat t r ans fe r  data 

which m u s t  be considered is discussed in  Reference 9. 
i n  Reference  9 that the d analog c i rcu i t s  will provide c o r r e c t  heat t r ans fe r  values 

only ove r  the range of t empera tu re  for  which the rma l  proper t ies  of the res i s tance  

e l emen t  and subs t ra te  can  be considered constant.  

c o r r e c t i o n  mus t  be made  to the data to obtain the proper  resu l t .  

co r rec t ion  accounts for  two fac tors :  

t empera tu re  and ( 2 )  the nonlinear r e s i s t ance - t empera tu re  cha rac t e r i s t i c s  of the 

platinum film. 

as a function of t ime and heat r a t e .  The cu rves  a r e  labeled in  t e r m s  of measu red  

while the ordinate  gives  the percentage incrementa l  cor rec t ion  to be added to 

Such cor rec t ions  were  applied to the heat t r ans fe r  data  

Specifically, it is shown 

Outside of this range,  a 

, , c. A, , ;- 

This  f i r s t - o r d e r  

with (1)  the var ia t ion of 

Values fo r  these cor rec t ion  fac tors  a r e  presented in F igure  18 

the measu red  quantity. 

where  required.  

All  heat t r ans fe r  data w e r e  normalized to a nominal combustor  p r e s s u r e  

of 300 psia  (with the exception of the "chamber p r e s s u r e  buildup" s e r i e s  where 

the hea t  t r ans fe r  values  w e r e  normalized to the nominal combustor  p r e s s u r e  

appropr i a t e  to the specif ic  run)  by multiplying the co r rec t ed  heat t r ans fe r  r a t e  

by the ra t io  of the nominal combustor p r e s s u r e  to the actual  combustor  p r e s s u r e .  

P r e v i o u s  experience has  shown this to b e  a valid procedure  when the coir lbust lon 

p r e s s u r e  does not vary m o r e  than five percent  as w a ~  the c a s e  in t h e s e  t e s t s .  
10 
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A .  Genera l  Comments  

1. P r e s s u r e  

I t  has  been concluded ir, Reference 10 that a quantitative flow 

mcde l  for even a s imple  4 - e n g h e  cluster  configuration is  difficult to attain 

although a qualitative model  hased  on the theory of Kors t ”  appears  feas ib le .  

Extending the flow model  f rom .a simple 4-rocket  c lus t e r  operating in  a 
vacuum to a 6-rocket  clc,Ster operating in a strni-conLtir,ed environment 

i n c r e a s e s  the complexity to the point where it is  exceedingly difficult to 

visualize even a qualitative flow model. 

separat ion dis tance inc rease r  o r  vent Areas change, i t  is difficult to  pred ic t  

the na ture  of change6 in the flow patterr, and fur ther  what the resul tant  effect 

should be  at a spec i f ic  instrumentat;on location. 

a r e a  of the model  Such as  the ir t terrtage wail, individual locations m a y  in. 

some  c a s e s  indicate v a r l a ? L 3  

b a s i s  or‘ these  considerati43:i$, I t  3hc:l;ld he  recDgnized durir-g any analysis  

of the da ta  presented herell: thdt s..x,-h differer-ces m a y  well  ex is t  and that 

different t rends  at indivLdiia! 1r . s t r ’ument  lccatipn 5 shciuld not a r b i t r a r i l y  be 

attr ibuted tr; measurerner.: errc)T:- c r experirnertdj  Tnaccuracies. 

For example,  as  the stage 

T h u e ,  even for a gene ra l  

q u i t e  diifereslt t r cm other  locations. On the 
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w e r e  exposed, some of the units indicated a change in  output sensit ivity 

between the p re t e s t  and post- tes t  cal ibrat ions.  

w e r e  not made  during the cour se  of the p r o g r a m ,  the exact h i s tor ies  of 

these  sensit ivity changes d r e  not known. However,  previous experience 

has  shown that an abrupt,  aignificant change in  t ransducer  output is 

1) re la t ively r a r e  and 2) usually quite apparent f r o m  an examination of 

previous data  and easily recognizable.  

normal ly  applies only to a consistent sequence of tes t  runs in which one 

p a r a m e t e r  is  being var ied in a systematic  fashion and recognizable t rends  

in  the p r e s s u r e  level a t  any given location a r e  reasonably well established. 

Alternately,  in  c a s e s  where geomet ry  or  t e s t  conditions vary  sufficiently 

between t e s t  sequences to produce la rge  (and often t imes  unpredictable) 

var ia t ions in the p r e s s u r e  level a t  a given location, i t  becomes  ex t r eme ly  

difficult to recognize calibration changes o r  to r e l a t e  them to a specific 

Since periodic cal ibrat ions 

This  observ-ltion, of cour se ,  

, period in  t ime i f  they a h o d d  occur. 

As a consequence of the above considerationfi, i t  is believed 

reasonable  to a s sume  that for those cases  where  t ransducer  sensi t ivi t ies  

did change between the s t a r t  and conclusion of the t e s t  p rog ram,  the 

sensi t ivi t ies  can be considered to have r ema iced  essent ia l ly  constant 

during any given p a r a m e t e r  var ia t ion since no apparent l a rge  inconsis tencies  

in  the da ta  w e r e  observed.  

the major i ty  of t ransducer  output ctimges ta occur gradually over  a period 

of many runs  r a the r  than abruptly (excepting, of course ,  those c a s e s  where  

the unit has  been subjected to w e t  - p r e s s u r e  ccnditlDns), d l inear  variation 

in  t r ansduce r  sensit ivity with number of runs should prc)vide a reasonable  

e s t ima te  of t ransducer  output at any give2 t ime in the t e i t  p rog ram.  

F u r t h e r m o r e ,  sirzce past  experience has  shown 

W 2. Heat T rans fe r  

The general  qiiality of heat t r ans fe r  data is  also exc*eJ.lent, as 

shown in  F igu re  2. 
es tabl ished by the end of the tes t  inter.va1. 

A s  with the p r e s s u r e  data,  levels appear to be well 

As d i s c u s s e d  c n r l i e r ,  k n o w n  

12 
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cor rec t ions  can be applied to the hznetwork data  to account for t e m p e r a t u r e  

induced nonl inear i t ies .  F u r t h e r m o r e ,  since the heat  t r ans fe r  gage sens i -  

t ivi t ies  a r e  dependent only on the gage res i s tance  (an easi ly  measu red  

quantity), gage sensi t ivi t ies  a r e  accurately known for  each run and a r e  not 

subject to the uncertaint ies  encountered with the p r e s s u r e  t ransducers .  

As in  the c a s e  wi th  the p re s su re  data,  difficulties a r e  

encountered in attempting to re la te  the observed  t rends  at  s eve ra l  i n s t ru -  

mentation positions with a number of pa rame te r  changes.  Thus i t  appears  

that  the heat  t ransfer  data  can bes t  be analyzed by examining the t rends a t  

individual instrumentat ion locations with r e spec t  to configuration changes. 

A tendency toward a lack of correlat ion between heat t ransfer  and p r e s s u r e  

m e a s u r e m e n t s  at the s a m e  location also tends to point up the unpredictable 

and turbulent conditions in a fire-in-the-hole configuration. 

B. P r e s s u r e  and Heat Flux Distribution in the Inters tage Region (General)  

The  p r e s s u r e  and heat flux distribution on the in te rs tage  wall i s  

observed  to follow a t rend  of sharply decreasing p r e s s u r e  and heat f lux 

with dis tance above the deflector for the f i r s t  few inches (model sca le )  

and a m o r e  constant distribution over  the upper regions.  The genera l  

shape of the distribution in  this a r e a  i s  l a rge ly  unaffected by configuration 

changes,  although the absolute magnitude of the heat flux and p r e s s u r e  

m e a s u r e m e n t s  a r e  affected considerably.  

the b las t  deflector a r e  usually 5 ps ia  o r  l e s s ,  biit occasionally reach  near ly  

Inters tage wall p r e s s u r e s  near  

L 8 psia .  

with an  occasional maximum of almost 550 BTU/ft  -set. 

p r e s s u r e s  a r e  always sufficiently high to cause  cboked flow in  the vents. 

Corresponding heat f luxes a r e  usually l e s s  than 300 BTU/ft  -sec 
2 Inters tage 

I 
Generally speaking, the stagnation conditions ups t r eam of the b las t  

def lec tor  tend to produce s imi l a r  qualitative t rends  on the b las t  deflector 

somewhat  independent of configuration. 

show max imums  at  about 1 /3  the deflector r i d i u s ,  with va lues  as h igh  as 

Heat fluxes and p r e s s u r e s  tend to 

1 3  
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2 700 BTU/ft  - sec  and 8 ps ia  for  the heat t r a n s f e r  r a t e s  and p r e s s u r e  levels ,  

r e  spec tively . 
Heat shield p r e s s u r e  and heat  flux distributions show consis tent  

t r ends  with the highest values occuFring at  the center  and diminishing 

toward the edge. 

6 psia ,  4 ps ia  and 3 psia  f o r  the heat shield cen te r ,  edge and back s ide  
2 respect ively.  Heat f luxes measu red  a r e  usually l e s s  than 300 BTU/ft  -sec 

2 arid 100 BTU/ft  -sec at  the center  and edge of the heat  shield,  respect ively 

Maximums of measured  p r e s s u r e  a r e  usually l e s s  than 

T h r u s t  s t ruc ture  p r e s s u r e  measu remen t s  a r e  of doubtful validity 

due to difficulties mentioned previously. .  He-at flux r a t e s  to the th rus t  

s t ruc tu re  a r e  usually equal to  o r  l e s s  than these measu red  on adjacent 

port ions of the in te rs tage  w a l l  and  seldom exceed 50 BTU/ft  -sec.  
2 

Vent rake  impact  p r e s s u r e  usually showed a consis tent  t rend of 

uniformly decreasing p r e s s u r e  with distance above the bottom of the vent 

and only r a r e l y  exceeded 4 psia.  

C. Vent Configuration Effects  

1. Vent A r e a  

The genera l  effect of increasing vent a r e a  is to reduce in t e r -  

s tage wall  p r e s s u r e s  and heat f luxes as shown i n  F igu res  19 through 21, 

which p resen t  p r e s s u r e  and heat t ransfer  distributtons on the in te rs tage  

w a l l  as a function of vent a r e a .  Figure 2 2  is  essent ia l ly  a c r o s s  plot of 

F i g u r e  19, showing the manner  in  which the p r e s s u r e  a t  dis t inct  locations 

on the in te rs tage  wall  vary  with vent a r ea .  Some interest ing observat ions 

can be  made  f r o m  an examiriation of this f igure.  

s e e n  that the p r e s s u r e s  a t  locations 

vent openings except. for  the la rges t  vent a r e a  c a s e s )  d e c r e a s e  in  d i rec t  

proport ion to the increas ing  vent a rea .  

vent leg region (par t icu lar ly  P6 which is close to the b l a s t  def lector)  

F o r  instance i t  can  be 

P --f P4 (a l l  normal ly  above the 1 

Alternately,  the p r e s s u r e  in  the 

14 
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tends to r e m a i n  constant with the sma l l e r  vent a r e a s  and then d e c r e a s e  in  

the s a m e  mafiner as the o ther  p r e s s u r e s  for  l a r g e r  vent a r e a s .  

Also shown in F i g u r e  21 i s  an es t imated  var ia t ion  of the average  

vent total  p r e s s u r e  with vent a r e a  based or1 flow continuity considerat ions;  

that  i s ,  

Since the nozzle throa ts  and vents  have sonic f low ( r/& = / v l , = I ) ,  and 5 = Tty , 
then 

As pointed out previously,  all in te ra tage  wa l i  p r e s s u r e s  (with the exception 

of P ) exhibit an ident ical  variaticm with vent a r e a ,  although the i r  absolute 

magnitudes a r e  srrialler. It i s  interest ing to cote  that P6 (located n e a r  the 

vent leg /b las t  deflector junction) exhibits a r a t h e r  s t range  behavior .  

s m a l l  vent a r e a s ,  wkere it would be expected that P6 would feed essent ia l ly  

s tagnat ion p r e s s u r e ,  the actual measu red  p resbure  waa  Considerably l e s s  

than the predicted value.  Altctnately,  as v e n t  a rea  inc reased ,  P remained  

constant  and did n o t  show the decreasing trerid exhibited at other  locations 

except fo r  the l a rges t  vent a ~ e a 5 .  

higher  than the es t imated  average  p r e s s u r e  required to pass the engine mass  

flow through the vent:. 

ve r t i ca l ly  a c r o s s  the vent openings for c t h r r  model cb-.nfjgurations where i t  

was found that pitot p r e s s u r e s  n e a r  the blast  def lector  a r e  considerably higher 

than the average  value a c r o s s  the vent opening. 

6 

F o r  

6 

P hecomes considerably F u r t h e r m o r e ,  h 

T h i s  i s  consis tent  with pi tot  p r e s s u r e  surveys  made  

It is  fu r the r  interest ing to r,ate that P begins  decreas ing  h 
proport ionately with vent a r e a  at about the t ime  the top of the vent opening 
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uncovers the  engine exhaust planes ( see  F ig .  5C). 
a port ion of the exhaust g d s t ~  a r e  f r e e  to expand ar-d f low d i rec t ly  out of the 

vent opening without f i r s t  cop-tactirig and flowing alDng the i r , ters tage wa l l ,  

t h u s  probably significarrtly a l ter ing the en t i r e  c h a r a c t e r  of the in t e r s t age  

f low field. 

which makes in te rpre ta t ion  c i  tile experimentc+: d a t a  s(: di f i icu l t .  

var ia t ions  i n  vent n r r d  dre a~- t . i> rnpa r~ i t~d  b . y  c h ~ r ~ g e , ,  i r  t l r c  r(-Idtivt-  n o ~ s l r  

exit /L ent opening gcxcimet r y  a r i d  hrqce nttertdeni r:ripriadir.t a t - , J ~  c hanges  ;.n 

the in t e r s t age  internal  r13w f i t - i d .  

Apparently at this  point, 

As was pointed <>!it e a r l i e r ,  i t  is exactly t h i s  so r t  o f  change 

Ncimely,  
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The effect of vent a r e a  changes on hea t  shield p r e s s u r e s  is  shown 

in F i g u r e  23. It  m a y  be  noted that the heat shield p r e s s u r e 8  a r e  genera l ly  

higher  than the in te rs tage  wall p r e s s u r e  i n  the s a m e  region (P4), possibly 

indicating the p re sence  of considerably m o r e  r e v e r s e  f low into the S-IV 

b a s e  region than into the forward  regions of the in te rs tage .  

observed  that the proportiondte dec rease  in p r e s s u r e  with vent a r e a  

exhibited at the interst 'age wal l  is riot encountered on the lient shield.  In 

fac t ,  vent a r e a  i n c r e a s e s  beyond 1. S sq. feet  show vir tual ly  no effect on 

the outer  portions of the heat  sklield, dlthough they do generhl ly  r e su l t  in 

significantly lower p r e s s u r e s  at the center  of the heat shield.  

It can  a l so  be 

2. Vent Shape 

In con t r a s t  to the vent a r e a  eflect  is the vent shape effect 

where in  total  vent a r e a  IS maintained constant wh i l e  the proport ion= of 

the rec tangular  vents a r e  1 ar led.  This  var ia t ion showed no significant 

t r ends .  

as given i n  Table  11. 

f r o m  the e f fec ts  due to decreds ing  the cumber of vents f rom 8 t o  h (same 

total  vent a r e a )  i s  not p . ,cs ihJ t ,  a trend toward higher p r e s s u r e s  and heat 

f luxes i s  noted for the h-verit conf ig i i ra t ior i .  

only two engines d re  dlrecthy n d j a c e n t  to a web ut1;Ir the  rcrna!.ning four 

engines  a r e  at least  pdrt id!y adjn, erit t fb  3 veiit.  I-'*ir tlie six \,ent c a s e ,  

however ,  all engiv-es ai e imrnediat y cldJdC'e'lt t c )  d W e t ) .  T h i s  (-OUld 

r e s u l t  i n  a m o r e  s e v e r e  tJl(- ,ckdge t;f t t  e f low f J U t  ( J T  the :nttrstctgt. with 

attendent higher p r e s s u r e 3  ar$d 1 e a t i n g  oq the in te rs tage  wa!l. 

Nei ther  is a signiticant t rend noted as the vent location is changed 

AlthcYicgSI: the  separat ion of re la t ive geometry effects 

11: t t ie  t3ight vent ( J?ntigiiration, 

Int  e r stag e and S e p a r at ion C;oniigiA I at j on Eft  c c t s 

Separa t ion  dis tance er fec ts  vary with ir istrunirntation lcjcations. 

points high on the in t e r s t age  (fZirwaLd sectlo?) l n c r e a h i t i g  s e p a r  atlon dis tance 

produces  a s h a r p  d e c r e a s e  in p re s su re  t o  v e r y  iow valc~es ( s e e  F igure5  2 4 - L h ) .  

I --- -I- --1-11- 

D. 

At 

17 
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A change in  the flow pa t te rn  i s  suggested when the heat  shield and engines 

begin to e m e r g e  f r o m  the in te rs tage  ( J 4 4 4  separat ion dis tance)  a s  

evidenced by the r i s e  in  p r e s s u r e  and heat f luxes recorded  on the in t e r -  

s tage wall  nea r  the intersect ion with the b l a s t  deflector.  This  probable 

change in  flow p a t t e n  produces no significant i nc rease  in  heat flux o r  

p r e s s u r e  on the blast  def lector  os heat shield however ( see  F igs .  2 7 - 2 8 ) .  

A s h a r p  dec rease  in  p r e s s u r e  and heat flux i s  i ~ - i t i a l l y  experienced 

on the b l a s t  deflector with small amounts of Separation, followed by com-  

parat ively constant values during the balance of the separa t ion  sequence 

( F i g .  2 7 ) .  P r e s s u r e  and heat flux nea r  the vent opening (P 

Fig .  27)  are lcwest  for  s m a l l  separat ion dis tances  and inc reases  slightly 

as conditions tend to equalize a c r o s s  the deflector at  l a r g e  separa t ion  

d is tances .  

& Q43 i n  23 

The heat  shield p r e s s u r e s  and heat flux general ly  show uniformly 

decreas ing  t rends  with increas ing  separat ion dls tances  ( see  Fig.  2 8 ) .  

The genera l  effect of varying the separat ion plane location i s  to 

produce lower p r e s s u r e s  and heat fluxes than a r e  encountered with the 

s tandard  separa t ion  plane of 18.437 inches above the flat  plate blast  

deflector ( see  F i g .  10). 

Besides  producing a change in the illterndl volume of the in te rs tage ,  

var ia t ions  in  inters tage length produt t' c cj~resp;nding changes I n  the distance 

f r o m  the nozzle exits to tl?c b1,i-t d e f l t r t c r .  

s h o r t e r  in te rs tage  lengths generally gise higher t d u e s  of p r e s s u r e  and heat 

flux. Th i s  i s  especially apparevt  in the region of t h e  b las t  deflector beneath 

the edge of the engine nozzles ,  the portion of the if i terstage sk i r t  n e a r  the 

b las t  def lector ,  and the center  of the heat shield. 

As  might be experted,  the 

Engine Combustion P r e s s u r e ,  Mixture Ratio and Ambient 

Altitude Effects  

The effects of rocket c hamher p r e s s u r e  s h o w 5  , I  t (vr , t . r , i l ly  c o n - , i c , t ( x r i t  

. t r e n d  of increas ing  p r e s s u r e  , inti heat llux o n  , 1 1 1  ( o r r i p c ~ r i c ~ r i t h  w ! t l i  I P (  r - t * . i - , i r ~ ) :  

~-11__---4111-1-- 

E. 

chamber  p r e s s u r e .  
IH 
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Unfortunately,  EO heat t r ans fe r  da ta  w e r e  recordec! f c r  the mixture  

ra t io  s e r i e s .  

at  a lmost  all locatjons show 

The available p r e s s u r e  da ta  wh,c.h .ncluded m e a s u r e m e n t s  

insignificant effects w:th qo con5:ster.t trer,d. 

Although altitude w a s  var ied  f rom 120,  000 feet t 2  240, 000 feet ,  no 

significant effects  were  noted. 

showed no consis tent  t rends .  

The minor var:ati3Cs that were  observed  

F. Shroud and Blas t  Deflector Cmfjgurat ion Effects 

The shroud configurations were  examir.ed c d y  at the widest  separatior,  

dis tance ( c$ 

Since no da ta  were  obta’ned for  t h i s  p a r t x u l a r  corn!Sgurat:or, without a shroud,  

compar ison  of the shroud data  with no-shroud data  Is  nat possible .  

r e s u l t s  measu red  for  the two shrouds dc nct ir,d:cate ar.y s .gnif tcact  d- f fe rerxes  

between the cylindrical  ar-d c ~ n r c  a1 shrcuds.  

) and w-lth the ic te rmedra te  separaticr-  plane location (P,). 

The 

The scalloped and cusp  b las t  def lector?  had the effect of increas:ng 

p r e s s u r e  and heat  t r ans fe r  r a t e s  on the in t e r s t age  legs between adjacect  

vents .  

fo rmed  def lectors  a lso resul ted in general ly  lower p r e s s u r e s  and heat  

f luxes on the heat shield.  

The prcbable  favorable chacge :r. flcw pa t te rns  produced by these 

One Engine Out, One Vent P a r e l  N c t  Out 

An i rope ra t ive  e rg ine  lfeng:r?e out8 caiLse5 reduced p r e s s u r e  and heat 

ard G:mbaA& - Effect _- 5 
---II-I_- 

G. 

t r a n s f e r  r a t e s  on the blast  deflector i n  the v c ; . r . ty  c t that engir.e a1thc:Jgh 

no significant char,ges occur red  :n the upper r t e r J t a g e  ar,d heat sh  ekc! 

m e a s u r e m e n t s .  

Gimballing the e r g i r e s  w a s  fsund tc praJdur e re.at .vely ,~ i lgr , : ! ’cant  

effects  wSth no ccna-stent  t rend tc the var:at  c.r 5 t h a t  were rc,ted.  

One vent pare l  n.: t J u t  a lso prlsdured :r.s qr .i c x t  ef(ert.5 w * t h  nc 

t r end  in  the var7at:ons Goted. 

, 
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1. The feasibil i ty of applying shor t  durat:oc techriques to the 

exper;mental  study of the gas  dynamTc proc c s s e s  involved 

in  the separat ion of booster s tages  i n  a h;gh altitude e c v i r o r -  

ment  has  been demonstrated.  

2. Flow durat ions sufficient for usual  h,gh a1t;tude base  heating 

t e s t s  a r e  inadequate for  separation s tudies  because of the 

l a r g e  model cavities wh,ch mus t  be filled. 

increased  t e s t  t imes  a r e  allowable srnce vacuum chamber 

b l a s t  wave phenomena produce negligible effects ir ,  the s e m l -  

confined environment typical of a stage separation model. 

However, 

3 .  Most of the pa rame te r  v a r - a t l m s  studied during the t e s t  

p rog ram we r e  nct indeperLdent, but produced as soc -.ated 

changes ir, modei geometry.  A s  a r e su l t ,  :solatLen of the 

effects of specific pa rame te r  changes acd irterpretatiGr of 

the experimental  data is a difficult t ask .  

4. The gene ra l  quality of the t e s t  data  appears  gocd .  

of the comprehensive range of geometr ic  var iabies  investtgated 

and the l a r g e  number of tes t  measurement ;  made ,  or.ly a 

minimum number of repeat runs  were  cor,ducted. Where 

repea t  da ta  are available,  ag reemer t  ~3 gcc d .  

Because 

5. In te rs tage  wall p re s su res  and hea t  fluxes at ze ro  separatior. 

a r e  coca;ster;t;y high near  t he  : r t e r s t a g e / b l a s t  deflcctc,:-  

junctior,, dec rease  s h a r p l y  a shc>rt d stance above t h c  

deflector (.n the region ci the v e n t s )  a n d  ther, become 

comparatrvely ur:fcrm over  the r e m a  r d e r  of the :nters tage 

wall. 

geometry.  

This trerid i s  largely icdeperder t  of ver-t o r  inters tage 

LO 
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6. A s  a r e s u l t  of the stagnation conditions prevall jng immediately 

above the f la t  plate b l a s t  deflector,  ccndit:or_s on the b l a s t  

deflector a r e  comparatively unaffected b y  in te rs tage  geometry  

changes.  

approximately one -third of the deflector r ad ius ,  o r  considerably 

inboard of the projected rocket engine center1,nes.  

Maximum heat t r a n s f e r  and p r e s s u r e s  occur  a t  

2 1  
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TABLE I 

TEST SCHEDULE SUMMARY 

Comb us ti on 
No. of* Pres s u r e  

Runs (ps ia )  

2 300 

10 

Ambient 
Altitude >:: ::: 

(Ft. x Configuration Objective 

210 Ao( B as ic  

A1+A 5 

Effec t  of 
Vent A r e a  

e * 
6 300 A2Sl-+A S 2 3  210 

210 

210 

AOS7 

A S -bA4S6 4 4  

Effect of 
Vent Shape 2 300 

6 300 

6 300 

300 

210 

210 
A2L leA 2 1’ 3 Effect of 

Vent Location 
A2L1’ A4L1 4 

1 2  100 

200 

40 0 

210 

210 

210 

Effect of ‘ 1-‘6 Chamber  
P r e s s u r e  Build- ‘ 1-‘6 up on Separat ion 

12 

1 2  

Effect of 
Separat ion 
Di s t anc e 

12 30 0 210 

P I  cl-P1 s 4  Effect of 

p2 S 1 - + ~ 2  6 3 , ~ 2  ‘6 

Separat ion 
Plane 

8 

8 

300 

300 

210 

210 

8 

6 

12 

P1 S1-tP1 0- 4 300 

300 

300 

25 0 

250 

250 



Report  No.  HM-1510-Y-11 

TABLE I (Cont 'd.)  

Combustion Ambient 
No. of" P r e s  s u r  e Altitude Q ::: 

Runs (ps ia )  (Ft. x 10 ) Configuration Objective 

2 300 210 p1 b6Shl Effect of Shroud 

2 300 210 p1 ' gSh2 

14 300 145 6 '6, Effect of Altitude 
0 

. 

14 300 120 

8 3 00 210 

6 300 210 

6 *dl6 Correlat ion with 
MSFC Data 0 

Effect of 
Gimb a1 ling 'l* '4 

Effect of In te r  - 
stage Length 'l* '3 

A (Bas i c )  
0 

2 100 210 

2 200 210 

2 400 210 

4 300 210 

4 300 210 

A (Basic)  E f fec t  of Chamber  
0 P r e s  s u r  e Buil.dup 

A (Bas ic )  
0 

Effect of Blast  
Deflector D l  & * 2  

Effect of One 
Engine Out & E2 

Effect of Mixture 
Ratio 2 ':< :k 3 00 210 R1 & R 2  

4 3 00 210 Effect of One 
Vent Pace1 Not Out v1 & v 2  

See Table LTI (Volume 11) fo r  detailed t e s t  schedule. 

Two runs  needed fo r  each configuration in o r d e r  to  r eco rd  all instrumentation. 
* 

.I. * 
-8- 

See Table  I1 for explanation of configuration symbols.  

No heat  t r a n s f e r  data  and only par t ia l  
::e :# >:: 

p r e s s u r e  data  fo r  these r u n s .  
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TABLE I1 

CONFiGURAT’ION DEFINITIONS AND RANGES 

Symbol Variable  Descr ipt ion 

2 8 tr iangular  vents ,  total area of 1.  01 ft 
(model s ca l e ) ,  bottom of vent  even with 
blast  def lector ,  in te rs tage  length of 18. 437 
inches (ms) ,  :‘ z e r o  separa t ion  dis tance,f la t  
plate b las t  def lec tor ,  n o  hea t  shield shroud,  
engines not gimballed ( N o m .  6’ cant) ,  
engine O / F  = 5 . 0  

Bas ic  
0 

A 

Rectangular vents  - same  width and varying 

equal i nc remen t s  

Rectangular - 1. 01 and 2. 0 f t  (ms)  with 
three. different web widths;  t r iangular  6 vent 
a l s o  

height, providing from 0. 5 to 2.  5 f t  2 (ms)  in  

2 

A Vent Area  

S Vent Shape 

L Vent Location Bottom of vent even with flat plate b l a s t  
def lector  o r  1. 8” above FPBD.  

6 d i s tances  f r o m  1 . 3 2 ”  to 26.80” 
( see  F ig .  9 )  

s Separat ion 
Distance 

P Separat ion P lane  3 posit ions;  a t  th rus t  s t ruc tu re ,  a t  f lat  plate 
b las t  def lector  and 8. 3 inches above F P R D  

S h  Shroud Straight  and conical (as shown in F ig .  7 )  

I In t e r s  tage Length From 17.837” to 20.837” ( m s )  

G Gim ball ing * pitch and * yaw ( a s  shown in F ig .  8 )  

D 

E 

Blast  Deflector C u s p  and scalloped (as shown in F ig .  6 )  

One Engine Out Engine adjacent  to and between vent webs 

R Mixture Rat io  O/F = 4 . 0  and 6 . 0  (nominal  2070) 

V Vent Pane l  
Not  Out 

Vent panel adjacent  to  and between engines 

$ m s  = model sca le  
CsFPBD = flat plate b l a s t  dei lector  

26 
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SUPPLY TUBES 

I EXHAUST 

c I NOZZLE 

D I APHRAGM 

SEPARATE GAS SUPPLl ES 

COMBUSTI ON 
CHAMBER 

I 
I 

SU PP LY TU BE 
u- a 

T I M E  

u = o  

t =  TESTING T I M E  
= T I M E  O F  CONSTANT 

PRESSURE SUPPLY 

< 
O R 1  FI CE 

Figure i COMBUSTOR SCHEMATIC AND SUPPLY TUBE WAVE DIAGRAM 
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MODEL 2 MSEC ( T Y P )  
HEAT TRANSFER REPORT NO. HM- 1510-Y- I I 

MODEL SURFACE PRESSURE & 
HEAT TRANSFER 

t 6 . 4  P S I  

400 - 
FT*-SEC 

( b )  

MODEL SURFACE PRESSURE L 
COMBUSTOR PRESSURE 

l i f  

I 

F i g u r e  2 TYPICAL OSCILLOSCOPE DATA RECORDS 

AND PRESSURE PROGRAM 
S - I V  STAGE SEPARATION - HEAT TRANSFER 
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0 I MBAL 

PLAN E 4.60" 

I 
6.564" 

I .  76U" 

5. 29" 

7.80" - 
I 
I 

Figure 3 S I X  ENGINE S - I V  MODEL BASE DETAIL (FROM REFERENCE 7) 
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O D  2 2 .  1 4 5 "  TYPICAL 
I D  2 1 . 8 2 5 "  TYPICAL 

8 VENT STANDARD AREA PANEL 

TYPl CAL 

6 VENT STANDARD AREA PANEL 

8 VENT VARIABLE AREA AND VARIABLE VENT SHAPE PANEL 

. : lTE:  FOR D E T A I L S  SEE FIGURE 5 b  

Figure  5a MODEL VENT AREA PANELS (FROM REFERENCE 7 )  

3 1  
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TANGENT PO I N T  

STANDARD AREA PANEL b-7.753.-1= I----O. 9 4 3  8 VENT 

6 VEN 

8 VENT VARIABLE AREA PANEL 

D I M E N S I O N  I N  INCHES 

8 VENT VARIABLE SHAPE PANEL 

VALUES O F  B 
I .  183 
2 . 3 9 0  
3 .550  
4.733 
5 . 9 2 0  

2 . 8 2 9  

F i g u r e  5b MODEL VENT AREA PANEL DETAILS (FROM REFERENCE 8)  
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1 

5. 

SECTION A-A 

Figure 6b BLAST DEFLECTOR DETAILS (FROM REFERENCE 7) 
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F i g u r e  7 SHROUD ASSEMBLY AND DETAILS (FROM REFERENCE 7) 
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P P I T C H  
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5 .6"  GIMBALLING INDICATED BY ARROW 

4" GIMBALLING I N D I C A T E D  BY ARROW 
TOUCH I NG C I  RCLE 

NOT TOUCHING C I R C L E  

Figure 8 GIMBALLING CONFIGURATIONS 
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I 
1 
I 
I 
L 

34 

35 
8 

7 

I 2 

0 PRESSURE TRANSDUCER 
0 HEAT TRANSFER GAGE 
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r- 
I 
I 
I 
I 
I 
I 
1 

SEPARATION D l  STANCE 

6 ,  = 0"  

b ,+ = 12.7" 

F i gure 9 SATURN S- I IS- I V I NTERSTAGE SEPAR 
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SYMBOL 

I, 

. 

A B C D 

6.937 3.2 8 .3  18.437 

EASI  C INTERSTAQE L 

I I 

12 
I, 

r' 

6.937 2.6 8 . 3  17.837 

6.937 4 . Y  8 . 3  19.637 

6.937 5.6 8 . 3  20.837 

I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

-I 
I I 

I 
I I I 

I L, 
I 

1U.56 

INTERSTAQE EXTENSION 

/--VENT AREA PANEL 

FLAT PLATE 
BLAST DEFLECTOR 

I 

I 
p 2  

I I 
-PO P I  

SEPARATION PLANE 
DES I QN AT I ON 

INTERSTAQE CONFIOURATION 

DIMENSIONS I N  INCHES 

Figure 10 SATURN S- I I S -  I V I NTERSTAGE SEPARATION PLANE CONF I GURAT IONS 
(FROM REFERENCE 8)  
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NOTE: 

I 1 
I 36 

I 
8.0 I 

)){ \-THRUST s i  

I \ I 1 / 3 7 '  

SEE TABLE V (VOLUME XI) 
FOR DETAILS ON INSTRUMENTATION 
LOCAT I ONS 

HEAT SHI ELD / 

DIMENSIONS I N  INCHES 

0 PRESSURE TRANSDUCER 
:.:I PRESSURE TRANS UCER 

0 HEAT TRANSFER GAGE 
Qb PRESSURE AND HEAT TRANSFER 

(OPPOSITE SIDE! 

'RUCTU RE 

Figure I2 THRUST STRUCTURE AND HEAT SH I ELD I NSTRUMENTAT ION ( FROM REFERENCE 8 )  
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e PRESSURE TRANSDUCER 
0 HEAT TRANSFER GAQE 
@ PRESSURE TRANSDUCER AND 

HEAT TRANSFER GAGE 

HM- 15 IO-Y- I I 

ENGINE 

( V I E W  LOOKING 
FORWARD ) 

S I X  VENT CONFIGURATION 

F i g u r e  I U BLAST DEFLECTOR I NSTRUMENTAT I ON (FROM REFERENCE 8 )  
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HEAT SHIELD AND THRUST STRUCTURE SHOWING SOME INSTRUMENTATION 

F igure  15 
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BLAST DEFLECTOR AND I NTERSTAGE INTER I OR SHOW I NG SOME I NSTRUMENTAT I ON 

Figure 16 
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I NTERSTAGE AND SUPPORT SYSTEM ( LOOK I NG DOWNSTREAM) 

Figure 17 
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F i g u r e  23 EFFECT OF VENT AREA ON HEAT SHIELD PRESSURES 
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SEPARATION DISTANCE - INCHES 

Figure 24 EFFECT OF INTERSTAGE SEPARATION DISTANCE ON INTERSTAGE WALL PRESSURES 
(BETWEEN ADJACENT ENGI NES)-STANDARD CONFI GURATION 
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SEPARATION DISTANCE - INCHES 

Figure 25 EFFECT OF INTERSTAGE SEPARATION DISTANCE ON INTERSTAGE WALL PRESSURES 
(ADJACENT TO AN ENGI NE)-STANDARD CONFI GURATI ON 
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A P P E N D I X  A 

TEMPERATURE-TIME HISTORIES FROM POST-TEST Q I N V E R S I O N  

During the data analysis  phase,  a number of heat t r a n s f e r  data points 

The purpose of this w a s  

1 )  to de te rmine  actual  gage t empera tu res  at the t ime the data 

were  randomly selected fo r  detailed examination. 

twofold; i. e. 

were  r ead ,  and  2 )  to compare  the conventional digitally computed heat t r a n s f e r  

data with analog data appropriately cor rec ted  by the procedures  of F igu re  18.  

A knowledge of the actual  gage tempera ture  his tory is useful. fo r  s eve ra l  

reasons .  F o r  instance,  sur face  tempera ture ,  in  conjunction with an  es t imate  

of the recovery  tempera ture ,  will allow film coefficients to b e  calculated,  

Alternately,  in c a s e s  where the sur face  t empera tu re  i n c r e a s e s  sufficiently 

during the t e s t  period to significantly reduce the tempera ture  difference between 

the gas  and wall  (TR - T ), a knowledge of the instantaneous wall t empera tu res  

provides a b a s i s  for  correct ing the measured  heat  t r a n s f e r  r a t e s  to account 

for  such effects. 

W 

Since the analog q -me te r  c i rcu i t s  had been used exclusively during the ;' 
program,  only heat  t r a n s f e r  r a t e s  had been recorded  and no tempera ture- t ime 

h i s to r i e s  w e r e  available,  It then became n e c e s s a r y  to work  "backwards" anc 

convert  the oscil loscope heat t r ans fe r  r eco rds  into the i r  equivalent t empera -  

t u r e  t r a c e s .  

q -network de scr ibed  below. 

determined were  then reduced to heat t r a n s f e r  by the conventional techniques 

This was accomplished by means  of a photoformer and inverse  

The tempera ture  - t ime his to r  ie-s subsequently 

The photoformer der ives  i.ts name f rom the fact  that i t  genera tes  w a v e  

shapes  b y  the use  of a photomultiplier tube in combination with a cathode-ray 

tube. An opaque mask ,  contoured to the des i red  wave shape,  is attached to 

the face  of the cathode-ray tubc and a phototube is placed i;? 

the s c r e e n .  

the s c r e e n  a r c  opaque and the upper portions c l e a r .  

applied to the horizontal deflection plates of the cathode-ray tube to genera te  

a b e a m  sweep l inea r  with t ime.  The ve r t i ca l  plates a r e  dr iven by a suitable 

amplif ier  whose input signal is  obtained f r o m  the phototube. 

posi.tion to view 

T h e  mask is generally positioned so  t h a t  the l o w c r  portions of 

A saw-tooth voltage is 
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4 P P E N D I X  i', (GOnt.) 

A signal will be obtained f r o m  the phototube whenever the beam s t r ikes  

the s c r e e n  above the opaque portions of the mask. 

connected that whenever the phototube "sees"  the beam spot,  i t  will d r ive  the 

beam downward toward the m a s k  edge. 

not "seen",  i t  will be dr iven upward toward the m a s k  edge. Thus a feedback 

loop is establ ished,  and if the loop gain is sufficiently high, the beam-spot  

will be caused to accura te ly  t r ack  the edge of the m a s k .  

The ampl i f ie r  i s  so  

Conversely,  whenevcr the beam is 

If i t  is assumed ( a  reasonable  assumption in prac t ice)  that the deflection 

sensit ivity of the ca thode- ray  tube is independent of beam position, then the 

output*voltage of the amplifier is  proportional to beam-spot  height. 

s ince the spot height i s  essent ia l ly  the mask  height, the output voltage is  l ike-  

wise proportional to m a s k  height under equilibrium conditions. 

achieve equilibrium i s  determined by the total t ime lag in  the feedback loop 

and is compr ised  of response  l a g s  associated with the s c r e e n  phosphor (decay 

t ime),  phototube, and amplif ier .  

A l s o ,  

The t ime to 

Since the horizontal  b e a m  displacement is essent ia l ly  proportional to the 

horizontal  deflection voltage and since the amplif ier  output voltage i s  proportional 

to the height of the m a s k ,  the output signal b e a r s  a relation to the sweep signal 

( t ime)  substantially identical  to the relationship between the ver t ica l  height of the 

m a s k  and the horizontal  distance measured  along the mask .  

valued function can  be generated once a suitable mask  i s  obtained. 

Thus,  any s ingle-  

The m a s k s  fo r  the photoformer were  made by  replotting the or iginal  

oscil loscope q-network data  to a suitable sca l e ,  t ransfer r ing  this information 

to a c l e a r  plastic sheet  and blackening the a r e a  below the curve .  
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APPENDIX 12 (Cont . )  

The inverse  +-network essentially solves  the inverse  of the equation 

that  is  solved by the q-network. This equation i s  as follows: 

where  AT = t empera tu re  r i s e  

6 = heat t r ans fe r  r a t e  

t = t ime 

o = density of gage subs t ra te  

c = specific heat  of gage subs t ra te  

1 

k = t h e r m a l  conductivity of gage subs t ra te  

, When consistent units a r e  employed one can de termine  the t ime a t  which A T  
will be numerical ly  equal to 4 .  
the following manner .  

a s  the r aw ;I-data. 

signal is fed through an inverse  q-network producing a parabolic output. 

solving the above equation for the time a t  which AT numerical ly  equals 4, the 

amplitude of the parabola  a t  that time is read ,  thus establishing a cal ibrat ion 

for  the t emper  a tur  e t r ac e. 

Knowing this ,  the s y s t e m  is cal ibrated in 

A m a s k  in the f o r m  of a s tep  is made to the s a m e  sca le  

This  m a s k  is inser ted in the photoformer and the scanned 

Upon 

Typical t ime h is tor ies  of temperature  and heat  t r ans fe r  r a t e  a r e  shown 

in F i g u r e s  A-1 and A-2. 

read  d i rec t ly  f r o m  the q -me te r  is shown at  s eve ra l  t imes  by the solid symbols .  

A comparison of the appropriately cor rec ted  data  

Although the quantitative agreement  between direct ly  measu red  6 -me te r  

data  and the q-data f r o m  the inverse 6-network and digital  p rog ram is  not 

exact,  there  is a noticeable qualitative agreement .  Ouantitative differences of 

the o r d e r  of five percent  a r e  observed. This  agreement  is considered excelleiit 

s ince numerous  possibi l i t ies  exis t  for e r r o r s  to en ter  the s y s t e m  in the p r o c e s s  

of converting the or iginal  analog h-data to equivalent t e m p e r a t u r e  h is tor ies .  

60  . 
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APPENDIX A (Cont. ) 

T h e s e  e r r o r s  can  be introduced through m a s k  reproduct ion,  scaling f ac to r s ,  

i n v e r s e  6-network/photoformer equipment ins tab i l i t i es ,  and o ther  s o u r c e s .  

The  relat ionship between q and AT at t i m e s  approaching the t e s t  

i n t e rva l  can  also be noted f rom F igures  A-1 and A-2. In  gene ra l ,  4 is 

numer ica l ly  equal to AT a t  about 5 - 7  ms. Thus ,  a t  the t i m e  for  which 

the analog q-da ta  was r ead  in  the tes t  p r o g r a m  da ta  reduction, the cor responding  

gage t e m p e r a t u r e  (in OF) will  be on the o r d e r  of 10-20 percent  g r e a t e r  than the 

numer i ca l  value of q (in Btu/f t  - s e c )  repor ted  here in .  2 

6 1  
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